ABSTRACT -Two experiments were conducted to evaluate the apparent metabolizable energy (AME), nitrogen-corrected apparent metabolizable energy (AMEn), and standardized ileal amino acid digestibility coefficient (SIDC) of extruded soybean cake (ESC) at four different extrusion temperatures: 90, 100, 110, and 120 °C. In experiment 1, 300 male broilers were randomly distributed into four treatments (600 g kg −1 reference diet + 400 g kg −1 of SBC at different extrusion temperatures) + reference diet, with six replicates of 10 birds. A metabolic assay using the total excreta collection method was performed from 14 to 23 days to determine AME and AMEn. Quadractic effect of the extrusion temperature was observed, with the maximum AMEn value estimated as 3424.99 kcal kg −1 for 105.58 °C. In experiment 2, 300 male broilers were randomly distributed into four treatments (453 g kg −1 protein free diet + 547 g kg −1 SBC at different extrusion temperatures) + protein free diet, with six replicates of 10 birds. Experimental diets were offered from 16 to 21 days, and at 21days, birds were sacrificed by cervical dislocation for collection of the ileal digesta to determine the SIDC of ESC. The best SIDC values for lysine (0.824%), methionine (0.908%), and cysteine (0.741%) were estimated at 117.72, 114.40, and 107.37 °C, respectively. The other amino acids evaluated showed a linear response, with better SIDC values with increasing extrusion temperatures. The extrusion temperatures affect metabolizable energy and amino acid digestibility of soybean cake for broilers, being important the standardization of extrusion temperature to maximize the nutritional value of soybean cake used in broiler diets.
Introduction
Anti-nutritional factors, such as trypsin inhibitors (TI), can limit the use of soybean, because dietary TI bind to pancreatic digestive enzymes, leading to reduced nitrogen and amino acid (AA) digestibility (Palliyeguru et al., 2011) . The Kunitz TI, which are the major TI found in soybeans, are thermo-sensitive and can be inactivated by heat treatment (Woyengo et al., 2016) . Extrusion is a multistep, multi-functional, and combined thermal-mechanical process that can gelatinize starch and inactivate a-amylase inhibitors, trypsin, chymotrypsin, and hemagglutinin activity (Nikmaram et al., 2017) . The process also significantly reduces the microbial population, minimizes the loss of vitamins, and improves nutrient digestibility (Mantovani et al., 2011) .
The different types of soybean processing confer different nutritional characteristics for birds, especially with respect to amino acid digestibility, since lysine, threonine, and methionine are especially sensitive to dry heating (Café et al., 2000) and mainly in the metabolizable energy contents of the extruded soybeans (Freitas et al., 2005) . Large variations in nutritional values have been described for extruded soybeans (Costa et al., 2013) , mainly due to the lack of standardization in the thermal processing used by the manufacturers (Nunes et al., 2015) .
Although extruded full-fat soybeans can be used in the formulation of poultry diets, this product has a high fat content of approximately 190 g kg −1 (Rostagno et al., 2017) . This high fat content limits the inclusion of full-fat soybeans in diets that need higher protein and lower energy levels. The pressing process is used to decrease this lipid concentration, because it reduces the fat content by producing a final extruded soybean cake (ESC) product and, consequently, increasing the levels of protein and other nutrients. Thus, ESC can be used in broiler feed to obtain adequate energy levels without including large amounts of additional vegetable oil. However, few studies have investigated the use of ESC processed at different temperatures for use in broiler feed.
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The objectives of this study were to evaluate the apparent metabolizable energy and determine the standardized ileal amino acid digestibility of soybean cake extruded at different temperatures.
Material and Methods
All experimental procedures were conducted according to the local Animal Use Committee, which approved the study under case number 23083.007756/ 2014-16.
To obtain the ESC, a batch of 30 tons of soybean grain of the cultivar BRS8560RR (Embrapa Soja, Londrina, PR, Brazil) from the state of Goiás, Brazil, was randomly separated. The raw soybean grain underwent cleaning, followed by separation of the peel and extrusion at four temperatures (90, 100, 110, and 120 °C) by dry extrusion (Extruder model EXG 212, Greenpeças, Brazil) for a short period of time (20 s). The highest extrusion temperature was detected in the last ring of the extruder barrel, and the exposure time of soybeans to this temperature was 4 s. After extrusion, the soybean was mechanically pressed (expeller model PLDS 3500, LDS, Brazil). We determined analysis of urease activity, protein solubility in potassium hydroxide, crude protein, ether extract, crude fiber, and moisture of the ESC at different temperatures (Table 1) .
The test ingredients (ESC) and diets were analyzed for dry matter (Method 930.15), total ash (Method 942.05), nitrogen (Kjeldahl method, Method 976.06), crude fiber (Method 978.10), ether extract (Soxhlet fat analysis after 3 N HCl acid hydrolysis, Method 920.39), and chromium (Method 985.01) as described by the Association of Official Analytical Chemists International (AOAC, 1995). Gross energy was determined using a bomb calorimeter (model 1341, Parr Instrument Company, Moline, IL, USA) with benzoic acid as the calibration standard. Solubility of KOH was determined as described by Parsons et al. (1991) . Urease activity (UA) was determined according to the method of the American Oil Chemists Society (1980) . The amino acid content of the diets and digesta were analyzed with high-performance liquid chromatography (HPLC) after hydrolysis with 6 N HCl for 24 h at 110 °C by a commercial laboratory according to the method of Hagen et al. (1989) .
A metabolic assay was conducted for the determination of apparent metabolizable energy (AME) and nitrogencorrected apparent metabolizable energy (AMEn) of the soybean cake extruded at different temperatures. The total excreta collection method was performed according to the methodology described by Sibbald (1963) . The treatments consisted of 600 g kg −1 reference diet ( ESC subjected to extrusion temperatures of 90, 100, 110, and 120 °C. For calculation of the energy values of ingredients, a group of chickens, distributed similarly as described for the treatments, was given only the reference diet (Table 2) ; this group was not used in the statistical analysis.
A total of 300 slow-feathering Cobb × Cobb 500 male broilers were used. From the first to thirteenth days of age, the birds received an initial diet formulated to meet the recommendations of the Brazilian tables according to Rostagno et al. (2011) . Birds were transferred to metabolic cages at 14 days of age. The five experimental diets were provided from 14 to 23 days old. Birds were adapted to the experimental conditions during the first five days (14 to 18 days) and the total excreta collection period was the last five days (19 to 23 days).
Two excreta collections were performed daily. The excreta from each cage were weighed immediately after each collection and stored in properly labelled plastic bags in a freezer (−20 °C) for subsequent analysis. The total feed consumed per experimental unit was computed at the end of the collection period. After the end of the experiment, the samples were thawed, weighed, and homogenized, and sub-samples of 400 g per replicate were removed, placed in an aluminum container, and pre-dried in a forced-air oven at 55 °C for 72 h. After pre-drying, the excreta were exposed to air until they reached room temperature and then weighed and milled in a knife mill with a 1-mm sieve.
The crude energy (CE), dry matter (DM), and nitrogen values of the excreta, test diets, and reference diet were determined. Calculations of AME and AMEn for each ESC were performed based on the following equation according Borsatti et al. (2018) : AME = GEi − [EOt − (1 − X)EOr]/X, in which GEi represents the gross energy of the ESC, EOt represents the energy output of the excreta originated from each experimental diet, EOr represents the energy output of excreta from the reference diet, and X represents the percentage of inclusion of each ESC.
The calculated AME was corrected to zero N retention (AMEn) using a factor of 8.22 kcal g −1 (Hill and Anderson, 1958) .
Three hundred male broilers were used to determine the standardized ileal amino acid digestibility coefficients (SIDC) in the ESC from the different temperature conditions. Birds were randomly distributed into four treatments + protein-free diet, in six replicates with 10 birds each, and fed the test diets from 16 to 21 days of age. Test diets (Table 3) were formulated to meet the recommendations of Rostagno et al. (2011) , except for protein and amino acids. For the determination of endogenous loss and further calculations of standardized values, a protein-free diet (PFD) was also formulated and supplied to chickens, as described by Adedokun et al. (2008) . Additionally, 0.5% chromic oxide was incorporated into the experimental rations as an indicator for the calculation of the indigestibility factor of the studied diets.
After feeding for five days, at 21 days old, birds were slaughtered by cervical dislocation, and the ileal content (5 cm of the ileocecal junction up to 40 cm toward the jejunum) was squeezed directly into a sampling cup. Digesta samples were frozen at −20 °C for subsequent analysis. Test diets and ileal digesta samples were analyzed for amino acid composition according to the methodology described previously.
Ileal digestibility coefficients were obtained based on the results of the amino acid and chromic oxide indicator analyses. Ileal endogenous amino acid and apparent ileal amino acid coefficient (AIDC) were determined and SIDC calculated according to equations adaptaded by Adedokun et al. (2008) : AAe = [AAid × (Cdiet/Cid)], AIDC = [1 − (Cdiet/Cid) × (AAid/AAdiet), and SIDC = AIDC + (AAe/AAesc) × 100), in which AAe represents ileal amino acid flow (mg/kg of DMI), AAid represents the amino acid in ileal digesta (mg/kg), Cdiet represents diet chromium (mg/kg), Cid represents ileal chromium (mg/kg), AAdiet represents the amino acid in the diet (mg/kg), and AAesc represents amino acid content of the ESC (g/kg of DM). The experimental design was completely randomized, with four treatments and six replicates of 10 broilers. The analysis of variance was performed according to the statistical model below: Yij = μ + Gi + εij, in which Yij is the observation of the effect of extrusion temperatures i, at replication j; μ is the overall mean; Gi is the effect of extrusion temperatures; and εij is the random error associated with each observation.
The statistical analysis was performed using the statistical program Sisvar (version 5.6). The data from the AME, AMEn, and SIDC were subjected to ANOVA (α = 0.05), in which the main quantitative effect (soybean extrusion temperature) was studied by regression analysis. The optimum extrusion temperature was estimated using the quadratic model with α = 0.05.
Results
The results of the present study showed that AME and AMEn of soybean cake were influenced by extrusuion temperatures (Table 1) . A quadratic effect (P<0.05) was observed for the soybean cake extrusion temperature (Y = 1.6079x 2 + 339.51x − 14497; r 2 = 0.787%), with the highest AMEn value of 3,424.99 kcal kg −1 obtained at a temperature of 105.58 °C.
The total amino acid values were analyzed in each soybean cake at different extrusion temperatures (Table 1) . The Trp concentration and its digestibility were not measured due to the low content and special hydrolysis conditions needed.
According to the regression analysis, all SIDC studied (Table 4) The extrusion temperature of the soybean cake positively and linearly (P<0.05) increased the standardized ileal digestibility coefficients of the amino acids valine, threonine, tyrosine, serine, proline, leucine, isoleucine, glycine, phenylalanine, arginine, alanine, glutamic acid, and aspartic acid. The SIDC values for these amino acids ranged from 0.632 to 0.817, for soybean cake extruded at 90 °C, and from 0.789 to 0.940%, for soybean cake extruded at 120 °C.
Discussion
The metabolizable energy value from the ESC obtained in this experiment (3,424 kcal kg −1 ) differed from the value described in Brazilian Tables For Poultry and Swine (2,811 kcal kg −1 ) (Rostagno et al., 2017) . This difference may be attributed to the ether extract value of 100.5 g kg −1 found by Rostagno et al. (2017) , which differed from the value of 120 g kg −1 obtained in the present study. Scotta et al. (2016) found an AMEn value of 2,467 kcal kg −1 in an extruded soybean cake with an 87.5 g kg −1 EE content, highlighting that the soybean extrusion process is not standardized, which results in variations in the chemical compositions and energetic values. Values of AMEn in the range of 2,682 to 3,564 kcal kg −1 were reported by Loeffler et al. (2013) in cold-pressed soybean meal with EE contents varying from 76.7 to 138.0 g kg −1 . The AME and AMEn of soybean cake presented a quadratic response by extrusion temperatures, with the highest AMEn value of 3,424.99 kcal kg −1 obtained at a temperature of 105.58 °C. The passage of starch in the grains through the extrusion process at moderate temperatures leads to its hydrolyzation from the effects of heat, pressure, and moisture, which facilitate enzymatic digestion. An increase in protein digestibility is observed in extruded food, mainly because the modification of its tertiary structure causes a reduction in the hydrolysis time in bird intestines (Cheftel, 1986) . The increase in extrusion temperature is also responsible for inactivation of trypsin inhibitors, resulting in a better digestibility by poultry. Therefore, increased starch and protein digestibility, and reduced trypsin inhibitors, as showed by the urease activity results, may have been responsible for the increase in the AMEn of ESC. However, high extrusion temperatures can lead to the occurrence of the Maillard reaction, in which sugars bind to amino acids forming complexes that are biologically unavailable to the animal (Cheftel, 1986) . Similarly, high temperatures may cause loss of sulfhydryl groups (Miller, 2002) and reduction in AMEn values.
Among the amino acid content of ESC, the total lysine, threonine, and leucine values found agree with values reported by Rostagno (2017) , whereas total valine, isoleucine, phenylalanine, glycine, and serine values were higher, and the total methionine and cysteine values were lower than those described in the Brazilian Tables for Poultry and Swine. Glycine, isoleucine, and lysine values were similar to those described by Scottá et al. (2013) , while serine, proline, glutamic acid, phenylalanine, leucine, arginine, and methionine values were lower, and cysteine, aspartic acid, alanine, valine, and threonine values were higher.
Standardized ileal digestibility coefficients of all amino acids studied were significantly (P<0.05) influenced by the soybean cake extrusion temperature. Quadratic effects were observed for SIDC values of lysine, methionine, and cysteine, and linear effect (P<0.05) for the other amino acids. The SIDC values for these amino acids ranged from 0.632 to 0.817, for soybean cake extruded at 90 °C, and from 0.789 to 0.940, for soybean cake extruded at 120 °C. These results for ESC at 120 °C agreed in a consistent way with the ones reported by Ganzer et al. (2017) , with SIDC of ESC ranging from 0.79 to 0.92. As for the significant effect for methionine and cysteine, the high temperatures may cause loss of sulfhydryl groups and the formation of disulfide cross links, with reduction of cysteine and methionine digestibility (Miller, 2002) .
The increase in the extrusion temperature may inactivate TI, resulting in a better amino acid SIDC. Some of these effects can be explained by the possible reduction of TI with the increase in the extrusion temperature, as shown by the decreasing UA (1.06 to 0.03). These results are in accordance with Loeffler et al. (2013) , who evaluated cold-pressed soybean cake (UA 1.51 to 1.96) and soybean meal (UA 0.02) and found better SIDC values for the lowest UA soybean product. A better amino acid digestibility coefficient was also reported by Jahanian and Rasouli (2016) when soybean meal was subjected to extrusion, with a reduction in the UA (0.23 to 0.0) and TI (16,800 to 2,400 units g −1 ). However, too high extrusion temperatures most likely trigger the Maillard reaction, in which reducing sugars bind to the lysine epsilon group and make amino acid biologically unavailable to the animal (Cheftel, 1986) , resulting in a reduction of lysine digestibility. According to Lan et al. (2010) after 110 ºC, the peptides crosslinked with sugar increase. In this study, a reduction of the lisyne SIDC was observed at 120 ºC when compared with 110 ºC, in which the best extrusion temperature estimated to higher lysine SIDC by the regression analysis was 117,72 ºC.
The extrusion temperatures affected the metabolizable energy and AA digestibility of soybean cake for broilers. Many studies have evaluated the feeding value of soybean products for poultry in controlled conditions wherein processing temperatures were well defined (Leeson and Atteh, 1996; Ruiz et al., 2004; Clarke and Wiseman, 2007; Powell et al., 2011) . Ruiz et al. (2004) evaluated the amino acid digestibility of raw full fat soybean and five extrusion temperatures, from 113 to 150 ºC and concluded that both performance and in vivo amino acid digestibility data failed to demonstrate that full fat soybean was over-processed in any of the temperatures used. Clarke and Wiseman (2007) extruded full fat soybeans at four temperatures (90, 110, 130 , and 160 ºC) and observed growing linear effects on apparent amino acid digestibility coefficients of lysine, methionine, and cysteine. In this study, it was possible verify that the processing temperatures on soybean cake affect the digestibility of lysine, methionine, and cysteine, and the metabolizable energy. The rate of destruction of TI for given temperatures may vary between extruder models and other parameters (Clarke and Wiseman, 2007) , being difficult to determine whether one factor or a combination of factors is responsible for the differences seen among different studies. The results highlight the importance of the standardization of extrusion process to maximize the nutritional value of soybean cake used in broiler diets.
Conclusions
The nitrogen-corrected apparent metabolizable energy and standardized amino acid digestibility coefficient values are significantly influenced by the extrusion temperatures of soybean cake. The highest nitrogen-corrected apparent metabolizable energy value (3424.99 kcal kg −1 ) is obtained with a soybean cake extrusion temperature of approximately 105.6 °C. The best soybean cake extrusion temperatures estimated for the standardized amino acid digestibility values are 117.72 °C for lysine, 114.40 °C for methionine, and 107.37 °C for cysteine. The standardization of extrusion temperatures is important to maximize the nutritional value of soybean cake used in broiler diets.
